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SEGMENTED WAVEGUIDE STRUCTURES 

PRIORITY APPLICATION 

This application claims priority under 35 U.S.C. § 119(e) 
from US. Provisional Patent Application Ser. No. 60/577, 
905, entitled “Segmented Waveguides in Thin Silicon on 
Insulator” and ?led Jun. 7, 2004, Which is hereby incorpo 
rated by reference herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED R&D 

This invention Was made With US. Government support 
under contract No. N00421-02-D-3223 aWarded by the 
Naval Air Warfare Center Aircraft Division. The US. Gov 
ernment has a nonexclusive paid-up license in this inven 
tion. 

BACKGROUND 

1. Field of the Invention 
The present invention is directed to Waveguides, and more 

particularly, to Waveguide structures incorporating a plural 
ity of laterally extending segments. 

2. Description of the Related Art 
LoW loss single-mode Waveguides in thin Silicon-On 

Insulator (SOI) have been demonstrated. Such Waveguides 
may comprise, for example, a patterned silicon pathWay 
formed on a silicon dioxide layer that is formed over a 
substrate. Light is substantially guided Within the patterned 
silicon pathWay. 

Advantageously, these Waveguides can be substantially 
thin. The thin geometry is helpful in obtaining high ?eld 
concentrations in the Waveguide cladding. Intense ?eld 
concentrations in the cladding may be useful, for example, 
in the construction of sensors Where interactions of the 
cladding With external stimulus perturb the propagation of 
light in the Waveguide. The stimulus can thereby be sense by 
monitoring the optical output of the Waveguide. 
One of the outstanding problems of this geometry, hoW 

ever, is the dif?culty of establishing an electrical contact 
With the Waveguide Without causing large losses in the 
optical mode. This problem is particularly troublesome 
When a DC or RF electrical ?eld is to be applied directly to 
the Waveguiding region. Such an applied electrical ?eld can 
be used, for instance, to induce modulation through an 
electrically controllable index shift in the cladding; see e.g., 
B. Maune, R. LaWson, C. Gunn, A. Scherer, L. Dalton, 
“Electrically tunable ring resonators incorporating nematic 
liquid crystals as cladding layers,” Applied Physics Letters 
83, 4689-4691 (2003). To provide single mode propagation, 
the Waveguides are particularly small. In general, a tradeolf 
exists betWeen establishing good electrical contact, Which 
often requires the use of a metal or a highly doped semi 
conductor region in close proximity to the optical mode, and 
providing a loW-loss Waveguide. If, for instance, a metal 
contact is placed directly onto a high-index-contrast silicon 
on-insulator Waveguide, With a mode that is less than 1 
micron FWHM, the optical losses associated With that metal 
Will be substantially large. The challenge is electrically 
contacting a compact, high index contrast optical Waveguide 
Without inducing large optical losses. 

SUMMARY 

One embodiment of the invention comprises a Waveguide 
structure for supporting an optical mode having a Wave 
length, 7». The Waveguide structure comprises an elongate 
Waveguide portion, a plurality of segments extending from 
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2 
the elongate Waveguide portion, and cladding disposed 
about the central elongate Waveguide portion. The plurality 
of segments has a periodicity on the order of the Wavelength, 
7». In some embodiments, for example, the plurality of 
segments has a periodicity betWeen about 0.1 and 3 times the 
Wavelength, 7», or betWeen about 0.1 and 2 times the 
Wavelength, 7». 

Another embodiment of the invention comprises a high 
index contrast Waveguide structure for propagating a Wave 
length, 7», comprising an elongate Waveguide portion and a 
plurality of segments extending from the elongate 
Waveguide portion. The plurality of segments have period 
icity so as to produce coherent scattering and reduce re?ec 
tion. The high index Waveguide structure further comprises 
cladding disposed about the elongate Waveguide portion. 
The elongate Waveguide portion and the cladding have 
suf?ciently high index contrast so as to support an optical 
mode having a full Width half maximum intensity having a 
Width of about tWice the Wavelength, 7», or less. In one 
embodiment, for example, the Width of the full Width half 
maximum intensity is about 3 micrometers or less. 

Another embodiment of the invention comprises a 
Waveguide structure for supporting propagation of an optical 
mode having a Wavelength, 7», comprising an elongate 
Waveguide portion, a plurality of segments extending from 
the elongate Waveguide portion, and cladding disposed 
about the central elongate Waveguide portion, Wherein the 
plurality of segments has a period of less than about 10 times 
the Wavelength, 7». In some embodiments, for example, the 
plurality of segments has a period of no more than about 5 
times the Wavelength, 7». In other embodiments, the plurality 
of segments has a period no more than about 3 times the 
Wavelength, 7». Other embodiments are possible. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the present invention are 
described beloW in connection With the accompanying draW 
rngs. 

FIG. 1A is a cross-sectional vieW schematically illustrat 
ing a high index contrast Waveguide comprising a thin 
silicon core region disposed on a silicon dioxide layer and an 
exemplary ?eld pattern of the fundamental optical mode 
supported by the Waveguide. 

FIG. 1B is an exemplary dispersion diagram comprising 
a plot of the effective index (unitless) versus the free space 
Wavelength (in micrometers) for the Waveguide shoWn in 
FIG. 1A. 

FIG. 2 is a perspective cutaWay vieW of one embodiment 
of a segmented Waveguide comprising a central elongate 
Waveguide portion and a plurality of segments extending 
therefrom. 

FIG. 3 is a plan vieW of the segmented Waveguide of FIG. 
2 butt coupled to a non-segmented Waveguide. 

FIG. 4A is an exemplary dispersion diagram of both the 
segmented Waveguide and the non-segmented Waveguides. 

FIG. 4B is a cross-sectional schematic illustration of the 
segmented Waveguide shoWing an exemplary modal pattern 
of a Bloch mode. 

FIG. 4C is cross-sectional vieW through the central elon 
gate Waveguide portion and the plurality of segments that 
includes a plot of an exemplary modal pattern of the Bloch 
mode. 

FIG. 5 a scanning electron micrograph of one embodi 
ment of a segmented Waveguide such as shoWn in FIGS. 2 
and 3. 

FIG. 6 is a perspective cutaWay vieW of one embodiment 
of a strip-loaded segmented Waveguide. 
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FIG. 7 is a perspective cutaway vieW of one embodiment 
of a strip-loaded segmented Waveguide With a loW index 
translation layer. 

FIG. 8 is a perspective cutaWay vieW of one embodiment 
of a rib or ridge segmented Waveguide. 

FIG. 9 is a perspective cutaWay vieW of one embodiment 
of a channel segmented Waveguide. 

DETAILED DESCRIPTION OF CERTAIN 
PREFERRED EMBODIMENTS 

A high index contrast Waveguide 10 having an SOI 
(Silicon-on-Insulator) geometry is shoWn in FIG. 1A. This 
Waveguide 10 comprises a core region 12 comprising silicon 
disposed on a silicon dioxide layer 14. The silicon dioxide 
layer 14 is cladding for the core region 12. Additional 
cladding 16 is disposed about the core region 12. The silicon 
dioxide layer 14 may be disposed on a silicon handle (not 
shoWn) comprising, e.g., a 400 or 800 micron thick silicon 
substrate that provides mechanical support. The silicon in 
the core region 12 has an index of refraction of about 3.5. 
The silicon dioxide has an index of about 1.43. The addi 
tional cladding may comprise polymethylmethacrylate 
(PMMA), Which has an index of refraction of about 1.43. 
Other materials may also be used to fabricate the Waveguide 
10. 
The core region 12 as Well as the cladding 14, 16 may 

comprises different materials. The core region may comprise 
III-V materials in some embodiments. Other materials may 
also be used as Well. The cladding 14, 16 may comprises, for 
example, other polymers. The cladding 14, 16 may also 
comprise nonlinear optical material or optical gain material 
(eg Er doped glass). The cladding 14, 16 may comprise 
materials utiliZed in CMOS/silicon processing as Well as 
chemical or photo-sensitive materials. For example, the 
cladding 14, 16 may comprise silicon dioxide, silicon 
nitride, and silicon oxi-nitride in any blend, stochoimetric or 
non-strochiometric. The molar blend of the oxygen and 
nitrogen can be, for example, anyWhere betWeen 0 and 
100%. Thus silicon rich, silicon dioxide, silicon nitride and 
oxi-nitride may be used. LoW k dielectrics may also be 
employed. Photoresist or other materials may also be used. 
The cladding may comprise polyimide or carboloxide. In 
certain embodiments the cladding 14, 16 comprises electro 
optic polymer, quantum dot composite material, nonlinear 
optical polymers, nonlinear optical glasses, langmuir 
blodgett deposited ?lms, or groWn heterostructures. The 
cladding 14, 16 may comprise material responsive to bio 
logical or chemical agents, Which may be utiliZed to fabri 
cate a biological or chemical sensor. Still other materials, 
structures, and con?gurations are possible. 
The lateral dimensions of core region 12 is about 300 to 

500 nanometers (nm) and the thickness of the silicon is 
about 100 to 200 nm (eg about 120 nm) in certain embodi 
ments, for example. The silicon dioxide layer 14 my be 
about 1 to 2 micrometers (um) thick. Such dimensions 
provide for single mode propagation. The optical mode 
supported by this Waveguide 10 supports is primarily polar 
iZed horiZontally. 

Dimensions other than those speci?cally recited herein 
are also possible. For example, dimensions outside the 
ranges provided can be used for different Wavelengths, 
material systems, applications, geometries, etc. 

This SOI geometry also has loW Waveguide loss and 
relatively large ?eld concentrations outside the core region 
12 of the Waveguide 10. An exemplary modal concentration 
is shoWn in FIG. 1A. Contours of |E| are plotted, starting at 
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4 
10% of the maximum ?eld value at the center and incre 
mented by 10% for each contour. Additionally, this optical 
mode is essentially isolated from the substrate (not shoWn) 
by the oxide layer 14, although some loss induced by 
tunneling leakage into the substrate may occur. An exem 
plary dispersion plot of the fundamental mode is shoWn in 
FIG. 1B. 

Forming an electrical contact on such a Waveguide 10 is 
particularly dif?cult since the Waveguide is both electrically 
and optically isolated on all sides, e.g., by silicon dioxide 
and PMMA cladding 14, 16. The introduction of an electri 
cal contact causes a signi?cant interruption in the Waveguide 
symmetry, Which produces a large scattering loss. 

This problem is remedied in a Waveguide structure 100 
comprising a segmented Waveguide 110 comprising a cen 
tral elongate portion 112 (core region) and a plurality of 
segments 113 as shoWn in FIG. 2. In one embodiment, the 
central elongate portion 112 and the plurality of segments 
113 comprises patterned silicon. The central elongate por 
tion 112 and the plurality of segments 113 are disposed on 
a silicon dioxide layer 114. Cladding 116 is formed over the 
central elongate portion 112 and the plurality of segments 
113. This cladding 116 may comprise, for example, PMMA, 
in some embodiments. The central elongate portion 112 and 
the plurality of segments 113 may be formed on a substrate 
118 that provides structural support. 

In other embodiments, other materials may be used. For 
example, the central elongate portion 112 and the plurality 
of segments 113 may comprise III-IV materials such as InP, 
GaAs, GaAlAs, InAlP, GaP, GaN. Other materials may be 
used instead of the layer of silicon dioxide 114 beneath the 
central elongate portion 112 and the plurality of segments 
113. Silicon nitride and aluminum oxide (or sapphire, Which 
is crystalline aluminum oxide) are examples of other mate 
rials that may be used. Similarly, the cladding 116 may 
comprise, for example, silicon dioxide, silicon nitride, or 
aluminum oxide. Polymers including electro-optic polymers 
may be used for the cladding 114, 116. Glasses, including 
luminescent glasses such as doped glasses like Er doped 
glass may also be employed. Accordingly, the cladding 114, 
116 may comprise nonlinear optical material or optical gain 
material. The cladding 114, 116 may comprise materials 
utiliZed in CMOS/ silicon processing as Well as chemical or 
photo-sensitive materials. For example, the cladding 114, 
116 may comprise silicon dioxide, silicon nitride, and silicon 
oxi-nitride in any blend, stochoimetric or non-strochiomet 
ric. The molar blend of the oxygen and nitrogen can be, for 
example, anyWhere betWeen 0 and 100%. Thus, silicon rich 
silicon dioxide, silicon nitride and oxi-nitride may be used. 
LoW k dielectrics are also possible. Photoresist or other 
materials may also be used. The cladding may comprise 
polyimide or carboloxide. In certain embodiments, the clad 
ding 114, 116 comprises quantum dot composite material, 
nonlinear optical polymers, nonlinear optical glasses, lang 
muir-blodgett deposited ?lms, or groWn heterostructures. 
The cladding 114, 116 may comprise material responsive to 
biological or chemical agents Which may be utiliZed to 
fabricate a bio or chemical sensor. Still other materials, 
structures, and con?gurations are possible. 
To provide increased con?nement, the cladding 114, 116 

around the central elongate portion 112 and the plurality of 
segments 113 has a loWer index of refraction than the 
material comprising the central elongate portion. This clad 
ding 114, 116 may also be electrically insulating. 
The lateral dimensions of central elongate portion 112 

may be about 300 to 500 nanometers (nm) in some embodi 
ments. The thickness of the central elongate portion 112 and 
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of the plurality of segments 113 may be about 100 to 200 nm 
(eg about 120 nm). The silicon dioxide layer 114 may be 
about 1 to 2 micrometers (um) thick. Such dimensions 
provide for single mode propagation. The optical mode 
supported by this Waveguide structure 100 is primarily 
polariZed horizontally. 

Other dimensions than those speci?cally recited herein 
are possible. For example, dimensions outside the ranges 
provided can be used for different Wavelengths, material 
systems, applications, geometries, etc. 

In various preferred embodiments, the Waveguide struc 
ture 100 provides increased con?nement. For example, the 
electric ?eld of optical mode supported by the Waveguide 
100 may have a full-Width half maximum (FWHM) that is 
no more than about 3.0 microns Wide for certain materials 
systems and certain Wavelengths. The FWHM of the optical 
mode for other materials and Wavelengths may be outside 
this ranges. In certain embodiments, for instance, the electric 
?eld of optical mode supported by the Waveguide 100 may 
have a full-Width half maximum (FWHM) that is no more 
than about tWo times the Wavelength of the optical mode. 
Values outside this range are also possible. The central 
elongate portion 112 and the surrounding cladding 114, 116 
may have an index contrast of at least about 1.0 or at least 
about 2.0 to provide such increased con?nement. This level 
of con?nement greatly exceeds the con?nement provided by 
other loW index contrast material systems such as systems 
based on III-V materials. The level of con?nement also 
greatly exceeds the con?nement provided by optical ?bers, 
Which also have loW index contrast. The optical modes in 
these loW index contrast systems have FWHM intensities 
substantially larger than 3.0 microns Wide. 
High index contrast systems such as described herein that 

con?ne the optical mode to reduces dimension, hoWever, are 
dif?cult to model as discussed more fully beloW. Special 
techniques are employed to characterize and design these 
high index contrast Waveguides. 

In particular, the modes of such a structure cannot be 
solved using the standard perturbative approach used for the 
design of loW-index-contrast re?ectors. For structures con 
structed With an array of loW-index-contrast sections (e.g., 
arranged to form a Bragg re?ector), the assumption is made 
that the mode distribution in both the high- and loW-index 
regions is substantially the same. This assumption, hoWever, 
does not hold for high index contrast segmented Waveguides 
such as described herein. The modes of such a structure, 
hoWever, can be solved using a Hermetian eigensolver in 
three dimensions, With the unit cell being a full period of the 
segmented Waveguide (a portion of straight Waveguide and 
a portion of Waveguide With segment added). The eigen 
solver can be based on a ?nite-difference approach, although 
other techniques are possible. Surprisingly, high index con 
trast segmented Waveguides can exhibit relatively loW loss 
guiding. 

The Waveguide 100 may be fabricated using semiconduc 
tor processing techniques Well knoWn in the art. For 
example, for embodiments Wherein the central elongate 
portion 112 and the plurality of segments 113 comprise 
silicon disposed on the silicon dioxide layer 114, a SOI 
Wafer comprising a layer of silicon formed on a layer of 
silicon dioxide may be used. The layer of silicon can be 
patterned to form the central elongate portion 112 and the 
plurality of segments 113. The plurality of segments 113 can 
be lithographically de?ned during the same lithographic step 
as the etch de?ning the central elongate Waveguide portion 
112. The silicon can be etched doWn to the silicon dioxide 
layer 114. The additional cladding 116 can be deposited on 
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6 
the central elongate portion 112 and the plurality of seg 
ments 113. Other methods both Well knoWn in the art as Well 
as those yet to be devised may be employed to fabricate the 
Waveguide structure 100. 
A non-segmented Waveguide portion 120 is shoWn 

coupled to the segmented Waveguide section 110 in FIG. 3. 
The non-segmented Waveguide portion 120 may be similar 
to the Waveguide structure 10 depicted in FIG. 1A and 
discussed above With reference to FIGS. 1A and 1B. The 
segmented Waveguide portion 110 may be similar to the 
Waveguide structure 100 in FIG. 2. 

Electrical contacts 132 are formed With the plurality of 
segments 113. In the embodiment shoWn, the segments 113 
are on opposite sides of the central elongate Waveguide 
portion 112 as are the electrical contacts 132. The electrical 
contacts 132 may comprise metalliZation, polysilicon, sali 
cide, or other conductive material. The plurality of segments 
113 may be doped. 
The central elongate Waveguide portion 112 may also be 

doped or may be undoped. The doping across in the central 
elongate Waveguide portion 112 and for the plurality of 
segments 113 on opposite sides thereof may be different to 
produce different effects. For example, opposite doping may 
be used to create carrier accumulation or depletion in the 
central elongate Waveguide portion 112 to alter the index of 
refraction With applied voltage across the pair of contacts 
132. The device may therefore have a pn, pin, or other type 
of junction. In certain embodiments, the central elongate 
Waveguide portion 112 comprises undoped semiconductor 
such that application of a voltage to the electrical contacts 
132 induces a current to How across the undoped semicon 
ductor thereby heating the central elongate portion and 
altering the index of refraction therein. Controlled variation 
of the index of refraction by introducing changes in the free 
carrier concentrations using electrical ?elds and by heating 
is described in US. Pat. No. 6,834,152, ?led Sep. 2, 2002 
and entitled “STRIP LOADED WAVEGUIDE WITH LOW 
INDEX TRANSITION LAYER” as Well as US. Pat. No. 
6,839,488 entitled “TUNABLE RESONANT CAVITY 
BASED ON THE FIELD EFFECT IN SEMICONDUC 
TORS” ?led Sep. 10, 2002, both of Which are incorporated 
herein by reference in their entirety. 

The electrical contacts 132, hoWever, are laterally dis 
posed With respect to the central elongate portion 112 and 
are substantially removed from optical mode propagating 
therein. Optical absorption otherWise introduced by electri 
cal contacts comprising, for example, metalliZation, poly 
silicon, salicide, and other optically absorbing electrically 
conductive material, is thereby reduced. Scatter loss intro 
duced by disposing a contact feature in close proximity to 
the Waveguide is substantially avoided by forming the 
contact feature from the plurality of segments 113 that 
induces coherent scattering like a grating. The plurality of 
segments 113 can be designed to produce coherent scattering 
that reduces coupling loss from the non-segmented 
Waveguide 120 to the segmented Waveguide 110 and 
reduced propagation loss in the segmented Waveguide. 

Accordingly, the electrical contact is formed using a 
lateral grating. The optical properties of this geometry are 
strongly dependent on the periodicity and duty cycle of this 
grating. This periodicity may be on the order of the Wave 
length of the mode supported by the Waveguide structure 
100. In certain preferred embodiments, this period may be 
betWeen about 0.1 to 1, 2, 3, 5 or 10 times the Wavelength 
of the optical mode supported by the Waveguide structure 
100. In certain embodiments, for example, the period is 
about 1.0 micron or less. HoWever, the dimensions can 
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depend, for example, on the Wavelength, the materials, and 
the geometry, etc. Accordingly, these dimensions are not 
limiting and periods outside these ranges may be more 
desirable for different designs and applications. The duty 
cycle is ratio of the Width, a, of the segments to the period, 
p, of the segments. Thus, for a grating having a duty cycle 
of 0.7 and a period of 1 pm, the Width of the segments are 
0.7 um long. In theory, the segments 113 comprising silicon 
strips in FIG. 2 can have a length, b, that is large. HoWever, 
for properly chosen periodicities, the segments 113 can be 
terminated after a relatively short isolation distance. 

Surprisingly, hoWever, high index contrast segmented 
Waveguides that exhibit relatively loW loss guiding are 
possible. If a loW loss, propagating optical mode exists for 
a particular design, both lateral electrical contacts to the 
Waveguide structure 100 and loW loss optical guiding can be 
achieved. Special techniques, hoWever, are used to model 
and design such high index segmented structures. Unlike for 
loW index contrast structures, the assumption cannot be 
made that the mode distribution in both the high- and 
loW-index regions is substantially the same. Nevertheless, in 
certain embodiments of the invention, Waveguide structures 
100 can be designed by calculating the Bloch modes of the 
segmented Waveguides 110, e.g., With the aid of Bloch’s 
theorem. The analysis begins With solution of the current 
and charge free MaxWell’s equations 

V C2 

for these geometries using eigenvalues; see, e.g., J. D. 
Joannopoulos, R. D. Meade, and J. N. Winn, Photonic 
Crystals (Princeton Univ. Press, Princeton, 1995), Which is 
incorporated herein by reference in its entirety. In Equation 
(1), n(r) is the index of refraction as a function of position, 
r, H is magnetic ?eld, W is optical frequency and c is the 
speed of light. The H ?eld can be the ?eld variable, since the 
eigenvalue equation is in such a case Hermetian and is not 
generalized. Non-hermetiaan (generalized) eigenvalue equa 
tions are extremely dif?cult to solve, Whereas Hermetian 
eigenvalue equations can be solved With intensive math 
ematical calculations. 
As shoWn in FIGS. 2 and 3, x and y are the transverse 

cross-sections of the Waveguide structure 100, While Z is the 
direction of propagation. For a non-segmented Waveguide 
120, such as shoWn in FIG. 1, n(r) is generally the same 
along the Z direction. In the case of the segmented 
Waveguide 110, n(r) is periodic such that n(r+AZ):n(r), 
Where AZ is the period, p. UtiliZing Bloch’s theorem in the 
propagation direction, all the eigenvectors of Equation (1) 
may be Written in the form: 

‘I’(W):¢(r)@XP(i[5Z) (2) 

Where lI'(W) is an eigenvector corresponding to a particular 
choice of W, [3 is the crystal lattice vector, and (|)(r) is the local 
?eld distribution in a unit cell (a 3-vector). The propagating 
modes of a segmented Waveguide 110 Will be among the 
solutions to (2). 

In order to solve this problem for complex structures, the 
index of refraction distribution of the structure is discretiZed. 
Many approaches are available. For example, the Finite 
Dilference Time Domain (FDTD) grid can be used as the 
basis of the discretiZation, since such an approach implicitly 
enforces the appropriate continuity and divergence condi 
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8 
tions; see, e.g., A. Ta?ove and S. C. Hagness, Computational 
Electrodynamics (Artech, Boston, 2000), Which is incorpo 
rated herein by reference in its entirety. The linear system 
results in a large sparse matrix equation, With about 0.6 
million variables for a given exemplary calculation using a 
discretiZation of 0.02 pm. The loWest nonZero eigenvalues 
can nevertheless be found With the suitable choice of itera 
tive methods; see, e.g., G. H. Golub and C. F. Van Loan, 
Matrix Computations (The Johns Hopkins University Press, 
Baltimore, 1996), Which is incorporated herein by reference 
in its entirety. The modes generated using a direct solver can 
be identical to the modes generated by a large FDTD 
simulation With a long runWay (e.g., tens or hundreds of 
microns of real space for a Wavelength of about 1550 nm) 
and can be substantially faster to generate. 

In certain preferred approaches, Equation (1) remains 
Hermetian in Whatever set of boundary conditions are cho 
sen for the unit cell. The Z boundary condition for a unit cell 
calculation is periodic With the appropriate Bloch factor. A 
Zero-?eld boundary conditions can be imposed on the edge 
of the unit cell in x and y, corresponding roughly to having 
a perfect conductor in this region. Such boundary conditions 
do not correspond to the actual design; hoWever, for solu 
tions to Equation (1) that reduce close to Zero at these 
boundaries, the introduction of this spurious conductor 
should not disturb the eigenvalue or vector. 
An effective index for the Bloch modes can be de?ned as 

the [3/W. With a choice of effective indices in the range of 1 
to 4 for cells of periodicity of about 0.3 pm, the loWest 
frequency eigenvalues can be calculated to be the funda 
mental propagating optical mode that has Wavelengths in 
free space in the range of about 1-2 pm for certain non 
limiting embodiments. Thus, although not true for some 
embodiments, solving for the modes of interest involves 
obtaining the loWest eigenvalue of the system for varying P 
values. In general, hoWever, solving Equation (1) With 
functions of the form Equation (2) Will produce a series of 
frequencies, a portion of Which Will be in the range of 
physically meaningful solutions. In certain cases, useful data 
Will be obtained for higher values in the eigenspectrum. A 
dispersion diagram for the Bloch modes of a given seg 
mented Waveguide 110 design can be generated using the 
effective index de?ned as above. 
As an example, one embodiment of a segmented 

Waveguide structure 100 With periodicity 0.28 um and a duty 
cycle of 0.5 supports a fundamental Bloch mode. An exem 
plary dispersion diagram shoWing the dispersion in both the 
non-segmented and segmented Waveguides 120, 110 is 
presented in FIG. 4A. The plot for the segmented Waveguide 
110 is for an (x-y) plane through the middle of a segment. 
The dispersion plot in FIG. 4A shoWs the effective index 

of the Bloch mode in the segmented Waveguide 110 closely 
matching that of a non-segmented Waveguide 120. Accord 
ingly, little insertion loss results from index mismatch if 
light is coupled from the non-segmented Waveguide 120 into 
the segmented Waveguide 110. Moreover, the region of 1550 
nm for this Waveguide has little dispersion. Small dispersion 
levels may not alWays be present. For many periodicities, 
the segmented Waveguide can have band-gaps With high 
back-re?ection and prevent the forWard propagation of 
particular frequencies altogether. In the region of such 
behavior, the dispersion diagram might exhibit a derivative 
dW/d[3 approaching Zero. 
A transverse cross-sectional vieW shoWing an exemplary 

plot of E ?eld intensity in the Waveguide structure is 
presented in FIG. 4B. The contours of |E| are plotted, starting 
at 10% of the maximum value at the center and With contour 
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increments of 10%. Similarly, a longitudinal cross-sectional 
vieW showing an exemplary plot of E ?eld intensity in the 
Waveguide structure is presented in FIG. 4C. This cross 
section bisects the central elongate Waveguide portion 112 
and the plurality of segments 113 into tWo equal upper and 
loWer halves. Four periods of the Waveguide segments 113 
are shoWn for illustrative purposes. 

As shoWn in FIGS. 4B and 4C, for the periodicity 
selected, the ?eld amplitudes can be small at the edges of the 
Waveguide domain. Certain choices of periodicity may not 
exhibit this behavior and Will have higher radiative losses. 
Accordingly, in certain preferred embodiments, the seg 
mented region 110 is designed to ensure loW losses. Because 
the mode exhibits loW loss in this geometry, the segments 
113 need not be extend to in?nity. In certain preferred 
embodiments, hoWever, the segments are longer than several 
e-folding lengths of the ?eld (e.g., the distance Wherein the 
?eld decrease by several 1/e multiples) to prevent the optical 
mode from being in?uenced by the end of the lateral 
segments. For various embodiments, the segments extend 
2000 nm in the lateral direction (:x direction) from the 
center of the segmented Waveguide 110. Other siZes are 
possible, for example, for different material systems, oper 
ating Wavelengths, con?guration and designs, and/or appli 
cations, etc. 

FIG. 5 shoWs a scanning electron micrograph of an 
exemplary device. Such a device Was fabricated using 
electron beam lithography. This fabrication process exem 
plary and other processes may be employed. For example, 
industry standard processing steps (e.g., CMOS/silicon pro 
cessing) may be used, especially for mass producing prod 
ucts. Different processing steps may be used for different 
material systems and different designs and applications. 
Fabrication processes both Well knoWn in the art as Well as 
those yet to be devised may be used. 

As discussed above, the embodiments of the invention are 
not limited to those speci?cally described herein. A Wide 
range of variation in design is possible. For example, the 
Waveguide structure 100 may comprise a strip loaded 
Waveguide such as shoWn in FIG. 6. A slab 134 may be 
disposed betWeen the elongate Waveguide portion 112 and 
the underlying layer of silicon dioxide 114. The optical 
mode can be propagated Within the elongate Waveguide 
portion 112 and a portion of the slab 134 in proximity to the 
central elongate Waveguide portion. A variety of materials 
may be used to construct such a device. 

The Waveguide structure 100 may alternatively comprise 
a strip loaded Waveguide With a loW index transition region 
136 disposed betWeen the elongate Waveguide portion 112 
and the slab 134 such as shoWn in FIG. 7. The optical mode 
can be propagated Within the elongate Waveguide portion 
112 and the portion of the slab 134 in proximity thereto 
despite the presence of the loW index transition region. See, 
e.g., US. Pat. No. 6,834,152, ?led Sep. 2, 2002 and entitled 
“STRIP LOADED WAVEGUIDE WITH LOW-INDEX 
TRANSITION LAYER” cited above. This loW index tran 
sition region, may comprise, e.g., silicon dioxide. The 
central elongate Waveguide portion 112 and the plurality of 
segments 113 as Well as the slab 134 may comprise, for 
example, silicon in some embodiments. Other materials may 
also be used. 

In other embodiments, the Waveguide structure 100 may 
comprise a ridge or rib Waveguide such as shoWn in FIG. 8. 
In certain embodiments, for example, the central elongate 
Waveguide portion 112 and plurality of segments 113 are not 
etched doWn to the silicon dioxide layer 114 such that a ridge 
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10 
Waveguide is formed in the silicon above the silicon dioxide 
layer 114. As described above, other materials may also be 
used. 

In other embodiments, the Waveguide structure 100 may 
comprise a channel Waveguide such as shoWn in FIG. 9. In 
certain embodiments, for example, the central elongate 
Waveguide portion 112 and plurality of segments 113 are 
disposed in a cladding such as the cladding 116. This 
cladding 116 may substantially surround the central elongate 
Waveguide portion 112 and plurality of segments 113. As 
described above, other materials may also be used. 
As described above, dimensions other than those speci? 

cally recited herein are also possible. For example, dimen 
sions outside the ranges provided can be used for different 
Wavelengths, material systems, applications, geometries, 
etc. 

A Wide range of other variations and con?gurations are 
possible. As described above, the dimensions and materials 
may vary. Additional layers and other features may be 
added, removed, interchanged, or moved. Different shapes 
are possible. Although rectangular cross-sections of the 
Waveguides portions are shoWn, other cross-sectional geom 
etries are possible. Also, although a straight linear path along 
the Z direction is shoWn for the Waveguide structure 100, the 
Waveguide may folloW other paths. The Waveguide structure 
100, may for example bend and turn, split or merge With 
other Waveguides or devices. The segments 113 can also 
have different shapes. The segments can bent, taper, or have 
different cross-sectional shapes. The number of segments 
113 is not limited. Nor is the siZe, spacing or periodicity of 
the segments 113 limited. The segments 113 need not be 
symmetric about the central elongate Waveguide portion 
112. Still other variations in the segments 113 and con?gu 
ration of the Waveguide structures 100 are possible. 

Accordingly, high index contrast segmented Waveguide 
geometries can support relatively loW loss optical modes yet 
providing high con?nement relative to loW index contrast 
geometries. Moreover, these modes can be readily coupled 
from non-segmented Waveguides 120, exhibiting loW loss 
for simple butt-coupling. This feature Will enable segmented 
Waveguides 110 to offer viable options for electrically 
contacting optical Waveguides in a single layer structure that 
supports a single optical mode With high con?nement. 
The Waveguide structures 100 may be employed, for 

example, in chemical or biological sensors as Well as for 
electro-optic and luminescent devices. In certain embodi 
ments, chemicals or biological materials interact With the 
cladding thereby affecting the propagation of light propa 
gating through the Waveguide, Which can be sensed. The 
Waveguides can be clad With optically active materials, 
Which provide large nonlinear (X2 or X3) optical coef?cients. 
The Waveguides can also be coated With a material that 
provides gain, or that changes index of refraction or disper 
sion When exposed to an external stimulus. Such a stimulus 
may, for example, be electrical, thermal, chemical, or bio 
logical. Waveguides can be clad With electro-optic poly 
mers, polymers exhibiting large X3 moments, liquid crystals, 
or electo-luminescent material such as Er doped glass. The 
functionaliZation material in such devices may reside in the 
Waveguide cladding 114, 116 and a large modal overlap and 
the increased ?eld concentrations in the deposited cladding 
layer enhances these effects. Other types of devices may also 
bene?t from such designs. 

Segmented Waveguides 110, hoWever, may be utiliZed for 
other applications as Well. For instance, the segmented 
Waveguides 110 could be employed as loW loss frequency 
?lters as the gratings are particularly Wavelength selective. 
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The plurality of segments 113 can be designed to propagate 
the desired Wavelength and to introduce loss for Wave 
lengths not desired to be propagated. Additionally, because 
the optical modes in these Waveguides Were supported in a 
broadband pattern, such a con?guration might be useful in 
isolating a signal band from a pump Wavelength in an optical 
system. The Waveguides structures 100 may also comprise 
mode expanders. The periodicity of segments 113 can be 
varied to control the dispersive properties of the Waveguide 
and manipulate the mode shape. See, e.g., Z. Weissman and 
A Hardy, “2-D Mode Tapering Via Tapered Channel Wave 
Guide Segmentation,” Electronics Letters 28, 151401516 
(1992), Which is incorporated herein by reference in its 
entirety. Other application are also possible. 

Those skilled in the art Will appreciate that the methods 
and designs described above have additional applications 
and that the relevant applications are not limited to those 
speci?cally recited above. Also, the present invention may 
be embodied in other speci?c forms Without departing from 
the essential characteristics as described herein. The 
embodiments described above are to be considered in all 
respects as illustrative only and not restrictive in any man 
ner. 

What is claimed is: 
1. A Waveguide structure for supporting an optical mode 

having a Wavelength, 7», comprising: 
an elongate Waveguide portion comprising doped semi 

conductor; 
a plurality of segments extending laterally from said 

elongate Waveguide portion, Wherein the plurality of 
segments comprises conductive material and has a 
Width that is at least tWice a Width of the elongate 
Waveguide portion; 

at least one electrical contact formed on a top surface 
section of the plurality of segments to provide electrical 
contact to the elongate Waveguide portion through the 
top surface section of the plurality of segments, 
Wherein the electrical contact is laterally disposed With 
respect to the elongate Waveguide portion and is con 
?gured to be substantially removed from the elongate 
Waveguide portion and the supported optical mode 
propagating in the elongate Waveguide portion; and 

cladding disposed about said elongate Waveguide portion, 
Wherein said plurality of segments has a periodicity on the 

order of said Wavelength, 7». 
2. The Waveguide structure of claim 1, Wherein said 

plurality of segments has a periodicity betWeen about 0.1 
and 3 times said Wavelength, 7». 

3. The Waveguide structure of claim 2, Wherein said 
plurality of segments has a periodicity betWeen about 0.1 
and 2 times said Wavelength, 7». 

4. The Waveguide structure of claim 1, Wherein said 
cladding and said elongate Waveguide portion have an index 
contrast at least about 1.0. 

5. The Waveguide structure of claim 2, Wherein said 
cladding and said elongate Waveguide portion have an index 
contrast at least about 2.0. 

6. The Waveguide structure of claim 1, Wherein said 
Waveguide structure has suf?ciently high index contrast such 
that said supported optical mode has a full Width half 
maximum intensity having a lateral dimension of about 
tWice said Wavelength, 7», or less. 

7. The Waveguide structure of claim 6, Wherein said 
Waveguide structure has suf?ciently high index contrast such 
that said supported optical mode has a full Width half 
maximum intensity having a lateral dimension of about 3 
micrometers Wide or less. 
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8. The Waveguide structure of claim 1, Wherein said 

elongate Waveguide portion and said cladding comprise 
silicon-based materials. 

9. The Waveguide structure of claim 1, Wherein said 
elongate Waveguide portion further comprises a pn junction. 

10. The Waveguide structure of claim 1, Wherein said 
elongate Waveguide portion comprises silicon. 

11. The Waveguide structure of claim 10, Wherein said 
cladding comprises silicon dioxide, silicon nitride, or silicon 
oxinitride. 

12. The Waveguide structure of claim 1, Wherein said 
cladding comprises nonlinear optical material, optical gain 
material, or material responsive to chemical or biological 
agents. 

13. The Waveguide structure of claim 1, Wherein said 
cladding comprises polymer or loW k dielectrics. 

14. The Waveguide structure of claim 1, Wherein said 
cladding comprises electro-optic polymer, quantum dot 
composite material, nonlinear optical polymer, nonlinear 
optical glass, a langmuir-blodgett deposited ?lm, or a groWn 
heterostructure. 

15. The Waveguide structure of claim 1, Wherein said 
cladding comprises PMMA, polyimide, carboloxide, or Er 
doped glass. 

16. The Waveguide structure of claim 1, Wherein said 
plurality of segments comprise silicon, gallium arsenide, 
gallium phosphide, gallium nitride, indium phosphide, or 
gallium aluminum arsenide. 

17. The Waveguide structure of claim 1, Wherein said 
plurality of segments are doped semiconductor. 

18. The Waveguide structure of claim 1, Wherein said 
plurality of segments comprise: 

a ?rst plurality of segments extending from a ?rst side of 
said elongate Waveguide portion; and 

a second plurality of segments extending from a second 
side of said elongate Waveguide portion. 

19. The Waveguide structure of claim 18, Wherein ?rst and 
second electrical contacts are formed With said ?rst and 
second plurality of segments, respectively. 

20. The Waveguide structure of claim 19, Wherein said 
?rst and second electrical contacts comprises metalliZation, 
salicide, or polysilicon. 

21. The Waveguide structure of claim 1, further compris 
ing a substrate over Which said elongate Waveguide portions, 
said plurality of segments, and said cladding are disposed. 

22. The Waveguide structure of claim 21, Wherein said 
substrate comprises silicon or glass. 

23. The Waveguide structure of claim 1, Wherein said 
elongate Waveguide portion supports a single optical mode. 

24. A Waveguide structure for supporting an optical mode 
having a Wavelength, 7», comprising: 

an elongate Waveguide portion; 
a plurality of segments extending laterally from the elon 

gate Waveguide portion, Wherein the plurality of seg 
ments has a Width that is at least tWice a Width of the 
elongate Waveguide portion; 

at least one electrical contact formed on a top portion of 
the plurality of segments to provide electrical contact to 
the elongate Waveguide portion through the top portion 
of the plurality of segments, Wherein the electrical 
contact is laterally disposed With respect to the elongate 
Waveguide portion and is substantially removed from 
the elongate Waveguide portion and an optical mode 
propagating in the elongate Waveguide portion; and 

cladding disposed about the elongate Waveguide portion. 
25. The Waveguide structure of claim 24, Wherein the 

plurality of segments comprises semiconductor material. 
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26. The Waveguide structure of claim 24, wherein the 
plurality of segments comprises doped silicon. 

27. The Waveguide structure of claim 24, Wherein the 
elongate Waveguide portion comprises doped semiconduc 
tor. 

28. The Waveguide structure of claim 24, Wherein the 
plurality of segments has a periodicity on the order of the 
Wavelength)». 

29. A high index contrast Waveguide structure for propa 
gating a Wavelength)», comprising: 

an elongate Waveguide portion; 
a plurality of segments extending laterally from said 

elongate Waveguide portion, said plurality of segments 
having periodicity so as to produce coherent scattering 
and reduced re?ection, Wherein the plurality of seg 
ments has a Width that is at least tWice a Width of the 
elongate Waveguide portion; 

at least one electrical contact formed With a top section of 
the plurality of segments to provide electrical contact to 

15 

14 
the elongate Waveguide portion through the top section 
of the plurality of segments, Wherein the electrical 
contact is laterally disposed With respect to the elongate 
Waveguide portion and is substantially removed from 
the elongate Waveguide portion and an optical mode 
propagating in the elongate Waveguide portion; and 

cladding disposed about said elongate Waveguide portion, 
Wherein said elongate Waveguide portion and said 
cladding have suf?ciently high index contrast so as to 
support an optical mode having a full Width half 
maximum intensity With a Width of about tWice said 
Wavelength)», or less. 

30. The Waveguide structure of claim 29, Wherein said 
elongate Waveguide portion comprises doped semiconduc 
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